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1. INTRODUCTION 

Nowadays, brushless direct current (BLDC) motors are increasingly implemented in a wide range of 
applications such as automation and industrial control, aerospace, computers, robotics, and household 
products [1]-[7]. Moreover, hybrid and electric vehicles, which represent a powerful alternative to 
conventional vehicles, are extensively utilizing BLDC motor to acquire high performance and reliable 
traction system [8]-[10]. The popularity of utilizing this motor type in various applications is due to their 
merits over other motor types, including high efficiency, higher power density, reduced noise, low inertia, 
low maintenance, high torque/weight ratio and compact size [1], [7], [11]-[14]. 

The commutation of BLDC motors is achieved electronically via position transducers. Based on the 
rotor position information, a three-phase inverter accomplishes the appropriate switching for the current 
supplying the motor to achieve maximum possible torque [15]. To minimize the cost of the inverter circuit, 
reduce switching losses and simplify the control design four-switch three-phase inverter, instead of six 
switches three phase inverter, is used [16]-[20]. For this inverter topology, direct current pulse-width 
modulation (PWM) control method, instead of voltage controlled PWM approach, is used to overcome 
asymmetric voltage PWM [20]. This inverter configuration has two arms containing four power electronic 
switches and the third arm has two capacitors of equal capacitance value. The inverter has six switching 
states each for 60° electrical. Two states are two-switch control and the other four states are one-switch 
control [18]. During one-switch control states, only one of the four switches is on and the current completes 
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its path through one of the two capacitors. For the two-switch control states, two switches are on; the upper 
switch from one leg and the lower switch from the other leg. Consequently, the switching sequence is 
accomplished through six modes [21]. 

In the literature, several approaches have been used for speed control of BLDC motor fed by six 
switch inverters. In [22] and [23] the authors have implemented sliding mode control to adjust BLDC motor 
speed. Abdulhussein et al. [2] utilized PID controller enhanced with butterfly and particle swarm 
optimization algorithms for BLDC motor speed control. Vinida and Chacko [25] have applied H-infinity 
controller and weight filters to achieve sensorless BLDC motor speed control. In [25] the authors have 
compared the use of PI and fuzzy logic controllers for speed control of BLDC motor under different 
operating conditions. The use of an integrated fuzzy logic/sliding mode controller for speed control of BLDC 
motor is presented in [26], [27]. Obed et al. have utilized PID controller enhanced with wavelet neural 
network and particle swarm optimization (PSO) algorithm to improve the dynamic speed performance of 
BLDC motor drive [28]. Song et al. [29] has used a random vibration particle swarm optimization (PSO)- 
gravitational search algorithm (GSA) method in designing fuzzy PI controller for brushless DC motor 
(BLDCM) drive. They concluded that the proposed approach is superior compared with PSO and GSA. The 
authors of [30] have implemented neural network approach for sensorless speed control of BLDC motor. 
They found that the neural network-based controller is outperforming the PID controller in terms of the 
robustness feature to variable load torque changes. Fractional order PID (FOPID) controller enhanced with 
firefly algorithm (FA) is utilized by Kommula and Kota [31] to adjust the speed and torque of BLDC motor. 
A comparison with GA based FOPID controller has been made in this publication. Vanchinathan and 
Selvaganesan [32] have applied artificial bee colony (ABC) based tuned fractional order PID (FOPID) 
controller for controlling sensorless BLDC motor under different loading conditions. Based on the 
comparison made with GA and the modified GA based FOPID controllers, tremendous improvements in the 
motor performance are achieved with the proposed method. In publication [33] coronavirus optimization 
algorithm (CVOA) based tuned PID controller is used to adjust the speed of BLDC motor subjected to 
different disturbance types. 

The main contribution of the present work is the achievement of low cost high performance 
brushless DC motor drive system having the features of fast dynamic response, reduced percentage 
overshoot, about zero steady state error and robust to external disturbances for a wide speed range. Reduced 
cost and complexity drive are acquired using four switch three phase inverter. The desired time specifications 
of the speed response are achieved through the implementation of particle swarm optimization (PSO) for 
tuning the gains of the PI speed controller. 


2. MATHEMATICAL MODELING OF BLDC MOTOR 


The mathematical model of BLDC motor can be divided into electrical and mechanical 
subsystems [1], [2]. The electrical equivalent circuit of a BLDC motor is shown in Figure 1. The considered 
BLDC motor in the current study is inner rotor type with symmetrical stator windings. Therefore, stator 
resistances as well as stator inductances are equal: 

-  Ra= Ra = Re =R, La = Lp = Le = L. In addition, the mutual inductances are assumed to be equal: 


- Mav = Mba = Mac = Mea = Moc = Mey = M. The electrical mathematical model of the motor can be 
expressed in matrix form as [7], [23], [25]: 
Va R 0 O]fta L MM $ ig ĉea 
Vo} =10 R O||i|+|M L Mi—Jin| +] 2d (1) 
Ve 0 0 RILi, M M L le ec 


The current relationship can be expressed as (2). 
latiptic=0 (2) 


The back-EMF of the motor depends on the speed of the rotor and the flux of the rotor permanent magnets. It 
can be given by: 


F(@e) 
2T. 

= fet |F (0. — =) (3) 
F(@, +) 


The function F(@) represents the trapezoidal waveform of the back-EMF. It can be expressed by: 
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Based on Newton’s law, the motion equation of BLDC motor can be described as [12], [25]: 
dwm 
Te — T, = Bwm — J =F” (5) 
The angular rotor position 6, can be obtained from the integration of the angular velocity as: 
0, = f omdt (6) 


The electromagnetic torque depends on the current, speed and the back EMF. The instantaneous 
electromagnetic torque can be mathematically expressed by the following equation [12], [23]: 


1 r i . 
Te = ties (eala + pin + ecic) (7) 


were B is the viscous friction constant, ea, €», €c are the back EMF of each stator phase, ia, ib, ic are stator 
phase currents, ke is the back-EMF constant, La, L», Le are the stator phase self-inductances, Ma, Mb, M: are 
the stator phase mutual inductances, Ra, Ra, Re are the stator phase resistances, Te is the electromagnetic 
torque, Ti is the load torque, Va, Vb, Vc are stator phase voltages, Oe is the electrical angle, 0, is the angular 
rotor position, ®mis the angular mechanical speed. 


field 


Figure 1. Equivalent circuit of a BLDC motor 


3. THE PROPOSED MOTOR DRIVE SYSTEM 


The schematic diagram of the proposed brushless DC motor drive system is shown in Figure 2. The 
motor drive system includes two control loops. In the outer loop (speed control loop) the actual speed is 
compared with the reference speed to generate the error signal, which is fed to the block of the particle 
swarm optimization (PSO). The PSO algorithm provides the optimum values for the PI controller gains based 
on the motor operating condition. The output of the PI controller (control signal) represents the reference 
signal to the hysteresis current controller (the inner loop). The current controller, with the help of the 
information provided from the position sensors, adjusts the duty cycle of the PWM fed to the four-switch 
inverter in order to provide the required voltage level in the correct switching sequence. 

The simulink model of the proposed system is shown in Figure 3. The output speed in rpm is 
subtracted from the reference speed and the error is supplied to the subsystem of PSO based tuned PI 
controller to provide an output control signal, which represent the reference current signal. The later signal 
and the position information are fed to the subsystem of the hystersis current controller which order the 
inverter with the proper switching commands. The detailed Simulink structure of the hysteresis current 
controller is shown in Figure 4. 

To assess the implementation of four switch inverter in feeding a BLDC motor drive, extensive 
simulations are conducted for both four switch inverter and six switch inverter-based models. After achieving 
the validity of using the four-switch inverter, the PI controller subsystem is enhanced with PSO algorithm for 
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auto tuning the gains to attain high performance BLDC motor drive. The validity of the proposed system is 
confirmed by comparing the obtained results with those obtained using trial and error tuning approach. In 
addition, step point tracking of the two tuning approaches is compared. The results obtained for all 
investigated conditions are presented in the following section. 
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Figure 4. Simulink sub-system of hysteresis current controller 
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4. RESULTS AND DISCUSSION 

The results presented in this section are obtained for a BLDC motor having a stator resistance per 
phase of 2.875 Q, stator inductance per phase of 8.5 mH, torque constant of 0.84 Nm/A, moment of inertia 
constant of 0.8x10° kg.m?, viscous friction constant of 0.5x10~5 Nm.s and four pole pairs. The obtained 
results for speed response of BLDC motor fed by six switch inverter is shown in Figure 5. The corresponding 
results for the motor supplied through four-switch inverter are shown in Figure 6. For the two configurations, 
a disturbance of 2.5 N.m load torque is applied after 0.15 second of starting. Extensive simulations are 
carried out for the two schemes to achieve the best PI controller gains and the best band for the hysteresis 
current controller. As can be observed, the obtained results for speed response of BLDC motor drive fed by 
four-switch inverter are close to the corresponding results of six switch inverter configuration. The close 
agreement between the results of the two configurations motivates the use of four-switch inverter, which 
leads to a BLDC motor drive system having the features of reduced cost, less complexity and minimized 
switching losses. 
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Figure 5. Closed loop speed response of BLDC motor drive fed by a six-switch inverter 


2005 
2000 


1995 


Ẹ Fisoo 
£1990 £ 1500 
Z l z 
o 1986 Zoom in for speed response at 0.15 & 1000 ; 

1980 s 4 switch, T&E 

500; 
1975F 
1970 4 0 
0.14 0.16 0.18 0.2 0.22 0.24 
Time[s] 


Figure 6. Closed loop speed response of BLDC motor drive fed by a four-switch inverter 


The results of speed, current, back-EMF and electromagnetic torque for PSO based tuning the speed 
control of the BLDC motor fed via four switch inverter are shown in Figures 7-10 respectively. A disturbance 
of 2.5 N.m load torque is applied after 0.15 second of starting. The PSO algorithm succeeded to find the 
optimum PI controller gains kp and k; after 40 iterations. The obtained values for kp and kare 4.911 and 0.122, 
respectively. From the results of the time response for speed, current, back EMF and electromagnetic torque, 
it can be noticed that the utilized control approach provides fast response and very short recovery time in 
response to the application of external load torque disturbance. The spikes shown in the results of the current 
and electromagnetic torque during the first 20 ms of starting are due to a problem in the startup of the 
Simulink simulations. A comparison between the results of Figure 7 with those presented in Figure 6 
confirms the validity of the proposed control system. A tremendous improvement in the motor speed 
response, during both transient and steady-state operating conditions, can be observed. 

Table 1 presents a comparison between the time specifications for speed response of PSO based 
tuned speed controller of BLDC motor drive fed by four inverter switches (the proposed system) with those 
obtained using trial and error approach for the same system. It can be noticed that the proposed BLDC motor 
drive system provides a noticeable improvement in the speed response. The proposed system has the features 
of fast dynamic response, reduced percentage overshoot and zero steady-state error. 
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Figure 7. Response of PSO based tuning speed control of BLDC motor drive fed by a four-switch inverter 
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Figure 8. Current response of PSO based tuned PI Figure 9. Back EMF response of PSO based tuned PI 
controller for BLDC motor drive fed controller of BLDC motor drive fed 
by four switch inverters by four switch inverters 
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Figure 10. Electromagnetic torque response of PSO based tuned PI controller of BLDC motor drive fed by 
four switch inverters 


Table 1. Time specifications for speed control of BLDC motor fed by four-switch inverter 


Time Specification Trial and error-based tuning PSO based tuning 
Settling time, ts (sec) 0.15 0.025 
Overshoot (%O.S) 25% 3.33% 
Steady state error, ess (%) 0 0 


Set point tracking is an important feature of feedback speed control since it shows the behavior of 
the controller in tracking the changes in the reference speed. The results of set point tracking for the changes 
in reference speed, with applied load torque of 2.5 N.m, for speed control of BLDC motor drive fed by four 
switch inverter is shown in Figure 11. The PI speed controller gains of the outer loop in this configuration are 
obtained using trial and error approach. The corresponding results for the use of particle swarm optimization 
(POS) to tune the PI controller gains are shown in Figure 12. It can be seen that the utilization of PSO for 
tuning the PI speed controller has greatly minimized the overshoot during the changes in the reference speed; 
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the percentage overshoot is approximately zero. Moreover, the time response of each step is minimized 
(faster response) and the steady state error is reduced. The results obtained enhance the validity and the 
accuracy of the proposed BLDC motor drive configuration. 
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Figure 11. Set point tracking for trial and error based tuning PI speed controller of BLDC motor drive fed by 
four switch inverters 
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Figure 12. Set point tracking for PSO based tuning PI speed controller of BLDC motor drive fed by four 
switch inverters 


The obtained results for the time responses 


of current and electromagnetic torque under the same 


operating conditions of the above set point tracking of the proposed drive system are shown in Figure 13 and 
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Figure 14, respectively. It can be observed that the proposed drive system has the features of fast dynamic 
response and the ability of recovering to a new state within a very short time period, in response to the 
changes in reference speed. As stated before, the appearance of spikes during the first 20 ms is due to a 
problem in startup of Simulink simulations. 


Stator Current la [A] 


0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
Time [s] 


Figure 13. Current response for step changes in reference speed of the proposed brushless DC 
motor drive system 
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Figure 14. Electromagnetic torque response for step change in reference speed of the proposed 
BLDC motor drive 


4. CONCLUSION 


Particle swarm optimization (PSO) based tuning PI speed control BLDC motor fed by four switch 
inverters has been investigated in the present research work. Four-switch inverter, instead of the conventional 
six-switch inverter, is used to minimize the cost, switching losses and complexity of BLDC motor drive 
system. The PSO algorithm is utilized to achieve high performance speed control motor drive system. To 
confirm the validity, extensive simulations for BLDC motor drive configurations under different operating 
conditions are carried out. The results obtained show that the proposed controller poses the best time 
response features. It has a fast dynamic response (settling time is approximately 0.025 s), approximately zero 
percentage overshoot and nearly zero steady state errors. Moreover, the speed controller is robust to external 
load disturbances. 
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